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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE CONFIDENTIAL REPORT 

SCALE  AND  TURBULENCE EFF3CT3  ON THE LIFT 

AND DHA3 CHARACTERISTICS OF THE 

NACA 653-Ul8,   a =  1.0 AIRFOIL SECTION 

By John H.  Quinn,   Jr.  and V/arren A.  Tucker 

SUMMARY 

An Investigation  !n two NACA wind tunnels has deter- 
mined  the effect  of Reynolds number and stream turbulence 
on the lift and drag characteristics of a low-drag air- 
foil,   the  NACA 653-I+13,     a = 1.3    section,   particularly 
at low Reynolds numbers,   to give  an Indication of the 
performance  of low-drau; wings  In low-scale  tests.    The 
ro3ult3 are  correlated with similar data for the  3ame 
airfoil section  In the "ACA two-dimensional low-turbulence 
pressure  tunrel  to provide  data over a range of Reynolds 
number    from 0.19 to 9.0 x  10°. 

Large Increases In minimum drag coefficient were 
found as the Reynolds number decreased. This effect was 
particularly marked at Reynolds numbers below l.<j  x 10°. 

At Reynolds numbers below 1.5 x 10 , stream turbulence had 
little effect on the drag characteristics of the 
NACA 65^-Ul'^ airfoil section when compared on the basis 
of test Reynold? number but, at higher Reynolds numbers, 
stream turbulence had a detrimental effect on drag. 

Large decreases In maximum lift coefficient were 
found with decreasing Reynolds number; meat of this 
decrease was encountered at Reynolds numbers above 

(. 
2.0 x 10°. Marked differences In maximum lift were 
anparent between the resultj obtained at high and low 
turbulence. V7hen compared on the basis of effective 
Reynolds number, however, fair agreement wa3 reached 
between the data obtained under both turbulence condi- 
tions. 
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Considerable  vtrtr.tlon of  ll.ft-c.irve  slope with 
Reynolds number w;:.s  four.d.     ?r-sultr.  at low and hl£h 
turbulence  differed ag ruch as  b percent but yielded 
the  30!-.e value of Hft-eur.vu  sloj.e  st a Reynolds mntiber 
of aooroximately 1.0 x 10fc.     At Reynolds numbers higher 
than L..0 x 10   , no seile  effect on tha  lift-curve slopu 
•was observed over the  rung 3 tested. 

Tn view of the  lariLe  vav? atians  In the  lift and 
drag chtructerlttics found for  the ftACA 65,-lj.iS airfoil 
section over r.  range  of Reynolds number from 0.19 
to 9.0 y 10°,  it Is thought  that the use of low Rnynolda 
number test d'.>ta relating to low-drag airfoils la 
unreliable either to eatlrrate  full-ocal-;:  characteristics 
or to determine the  relative nitrita of airfoil aeotions 
at higher Reynolds numbers. 

TK7R02ÜICTI0N 

A 

Investigations of scale  effect on the  lift  and draß 
characteristics of low-drag  airfoil  sections hBve regu" 
lp.rly been wade   at Reynolds nurbars  above 3*0 * 10 b 

and at lew stream turbulence   in the  KACA two-f'inionrional 
low-turbulence  prer.aure  tunnol  (designated TDT).     It is 
well ''mown  that other investigations  of low-drag-alrfoil 
character! at",CB  are   carried o-it in tunaelr  ivtth higher 
turbulence  levels st lswer  "«ynolda numbers  then  the 
Investigations  In the TT>7.     Proper interpretation of 
those *ata obtained  ot lo*' R^yn^lds numbers  and at 
various degrees  of  stream tu.-bvlencc  is difficult because 
of the unVnown  üIT^SüI turbul^ncr  effect   and seals  effect 
at low ^eynolor numbers on the characteristics  of low-drag 
alrfclla.     Fxtropolction of tVies?3 clota to higher Reynolds 
nuinhin  und  low  'tarbulonce   (flight  cendi^ionj)   is 
unreliable   for- this  reason. 

The purpose of the present Investigation was to 
determine the  effect, of Reynolds number and 3tream 
turbulence  on the  lift  and drag cnaracteristlcp  of a 
low-drag airfoil  a^ct^on through a ran'^e of Reynolds 
number below j.C x 30°.     KodeIs of the KAOA 6^7-Ul8, a= 1.0 
airfoil section having  Chora's  -f 6 pnd 2.1. inches were 
tested in the liACA tv.c-Jirr.enotcnal low-turbulonce  tunnel 
(dRBignitPd LTT), which has  a strsaa turbulence of only a 
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few hundredth« of 1 percent.    This turbulence ia consider- 
ably below tbe level at which any change would be notice- 
able   In the  critical Reynolds numbc-r  of a sphere.    Thu 
tca^r-  covered a range of Heynoldr' number from 2.77 
to  0.23  x 10(>.    Uodols  of the  same  section having chords 
of 12 and l|.0 inches were tested in the LMAL 7- by 10-foot 
tunnel (de^ij-nateci 7 by 10 tunnel), which haa a turbulence 
factor of 1.6 ac. detsrminod fron sphere testsv The  topt 
rteynolda numbers ranged from 2.99 to O.19  x ioD. 

H0DEL3 AND JCTH0D3 

Ordinates for  the KACA 65.-l1.l8,   a - 1.0 airfoil 
section aro presented in  table  I,    The models having 
chords of 12,  Z\,  f.nJ l.h  Inches were  01" wooden  sonst ruc- 
tion  and "j'ire  properert for  tec blur- by the methods described 
in reference 1.    ^.e  '!—inch-chord r,;odol 'itas built, cf solid 
aluminum alloy and  was polished by hand  to r;iv3 an aero- 
dyna.'icplly smooth surface. 

The  2l|.-inch-cbord model was  tested at tunnel pros- 
sures  01   ?,   3,  and !.L atmospheres in the.TDT at Reynoldc 
numbers  of .':.77,   5.1,   6.1,  «rid T.C x  10  .     The  seine 
uodel was  tested at atmospheric pressure  in the LTT at 
Reynolds numbers from 0.63  to 2.77 x 101-.    The 6-lnch- 
ohord Modal was  similarly tested  in the LTT for a ranj'j 
of   Reynolds number  fror.: 0.2 3  to  O.t.6  x 10s? and  in 
the  TDT  for a range   from O.38 to i;.0  x  10fa. 

In the TDT and LTT,  drag was Treasured by the. wako- 
survey -'ethod and lift was obtained sy integrating the 
pre?sure8 along the floor and ceiling of the tunnel test 
section,     because  the TDT :in^ LTT have  test  sections of 
i.h<;  same  plr-.e,   the  tunnel-wall  corrections to lift  and 
drag for each model wsre  the  same  in both tunnels.    The 
tunnel-wall corrections  for  the  6-inch-chord model were 
obtained   from the  same basic considerations that were 
used t'i determine the  corrections for the 2l|.-inch-chord 

Tn the 7 by 10 tunnel, ihe morel;: spanned thP test 
section except for a small clearance at each end. They 
were  rigidly attached to  tho balance  frume  by torque  tubes 

CONFIDENTIAL 

I- 



CONFIDENTIAL      NACA ACR No.   LÜ.H11 

extending through the  tunnel walls.    This installation 
is thought to approximate  closoly t'.vo-diraensional  flcv; 
and  therefore  to make  it possible  to obtain section 
rVarnctori sties. 

In the  7 t>y 1° tunnel,   lift characteristics were 
obtained from force measurements  on the  tunnel balance 
system.    Drag characteristics wera  obtained by the wake- 
survey method.     Lift coefficients have been corrected 
for effects of tunnel-wall  interference by u3ing the 
experimantal correction explained in reference  2.    The 
drag coefficients were  corrected for  tunnel-wall inter- 
ference by U3lng  the  sane  considerations from which the 
corrections were  obtained for the  TDT and LTT data 

RESULTS AND DISCUSSION 

I 
A comparison of lift data obtained in the LTT and 

TDT at a Reynolds number R of 2.77 x 10 Is presented 
in figure 1.  The LTT data wore obtained at atmospheric 
pressure and a Mach number of 0.19U, whereas the TDT data 

2 
were obtained at a tunnel pressure of IT atmospheres and 

vi "ach number of 0.150.    The  curves  are  in good agreement 
both in respect to slope  and maximurr! lift coefficient;   it 
is  therefore  improbable  that any Mach number effect on 
maximum lift coefficient,  which might have been expected 
from the results presented in reference  3,  exists  in the 
LTT data at  this Reynolds number. 

Lift data  from the LTT and TDT are presented  in 
figures 2 to !; and from the 7 by 10 tunnel,   in figure 5. 
It may be noted  In figure ij. that tests of the  6-inch-chord 
and 2,!j.-inch-chord models in the LTT at Reynolds numbers 

of 0.66 and 0.68 * 10  ,   respectively,  are  in good agree- 
ment. 

At values  of  the   lift  coefficient above  0.9,   a  Jog 
in the lift curve   (figs.  2  to I4.)  is encountered.    This 
jog is due  to a region of laminar separation on the upper 
surface  Just dov/nstream of  the  leading edge.     The  jog 
becomes more marked as  the  Reynolds number decreases and, 
at  the  lowest Reynolds number,   the  Jog in effect determines 
maximum lift.   It may be seen in figure 5  that no jog in the 
lift curve is found  in the  results from the  7 by 10 tunnel. 

CONFIDENTIAL 

w • ,    •       .   ..  .  •£.* ,1 • 



MCA ACR No.   Tjj.HU CONFIDENTIAL 

i 

The absence  of the   ,iog In thase  curves  indicates  that, 
at  the point  or  the  airfoil  where  laminar separation, 
ocourn  in the T,TT,  the flow is  already turbulent in tn-s 
7 by 10  t.-ann;l because of the high turbulcnc-3  lev-si. 
A detailed  Investigation of  this  separation effect is 
reported in reference  b... 

Tjfrij.; data are presented In figures  C and 7.     It may 
be note:! in  figure  £  that   the extent  of  the  lov-drug range 
Inireasus progressively u3  tho  Reynolds number i3 decreased. 
Thei lii-xh values  of  the drag, coefficients  at  low  Reynolds 
numbers   tipr-sar  to ho  connected with a  region of  lanirsr 
soi:cr8t.ton  Just   downstream o" the  r.cint  of -.nlnln-uw pres- 
sure,     üittlfl  5s  known  of th-j  laws governing the  extent 
ind quantitative effect  of  tnis  local  ro.^on of a^purat-dtl 
flow except that  both thv-  extent  of  the  region and  the 
drag inerteso  as   tht  Reynolds number Is  decrouaed. 

It irpy be  noted in figure 7 tnct,   for tne higher 
teat  Re'molds numbers, mini mom dra~ occurs   In  the  7 by 
10 tunnel  at  a lift  coefficient of about P.55 Instead 
of at  thfi  deuif-n  lift  coefficient  of 0.1;..      Bocfiuse  of tho 
difficulty  of r.easuvlng drag by th1.'  v,ak;>-survey method 
in. the  7 by 10  tunnel,  drrg data >vere  obtained  for only 
a lin-.ited ran/:*?  of lift  coefficient. 

Curves  thp.t  show the   scale  effect  011 niaxlrurn lift 
co? ff lei?r\t   ore   presented In  figure   F.     Thx-  te?t  results 
fro:« the 7 by 10  tunnel  are plotted against both tent  and 
effective  P«vnold.3 mrabT.     \'2ffestive   Reynolds number ~ 
Test  ^'molS* nurobor * Turbulence  factor. )     This  LTT 
and TUT results   are  plotted against   tha   test  Reynolds 
na-^brr    whl-jh,   of curse,  would  be  equal  to   the  effective 
Reyncld.-. number Plnce the stroar. turbulence Is only a 
few hundredths  of 1 percent.     Lar^d  decreases   In maximum 
lift coefficient  are  apparent  with dtere".u 1 n;r   Reynolds 
r.uwbar,  pbT-^lcu] arly above   an cif •active  noynolds n-oir.ber 
of 2.0  *  ?.C°V    T1.7-are  3  Indicates   th"t, be!»ow  a J.eynoit'3 
number of 10°,   the  dote  froir  the 7 by 10  tunnol  LK  In 
fair a^roeriiant  vith the  duta  from the  TOT end  LTT »;hen 
plotted  ap>iln:?t te.it  Peynolda number.     Above a  Reynolds 
nuT.ber or 10^,   tho  data frerr. the  7  uy 1*3 tunnel ore  ir 
goo.J,  a,Troerr.ent vltn the data from thf TDV and  LTT v/her 
plotted  apainst  effective   Peynolds rmitibev.      It is  seen 
th-»t  th«! rato  of increase  In Tiaxi^iun  lift  coefficient isf 
greatest   st   a  Swynolus  number of  approximately J.O x  10°. 
For other low-dreg otrfolip.  neither  the   "alue  of  tht 
Reynolds nurr.bor at 'vhlcn this  rapid increase   tikes  placa 
nor Its  quantitative  effect  is Vr.own.     It  is   there "ore 
thought,  that  extrapolat] on of  low-scale  data or data which 
do not d-.-t.ermlnt'  tnia  ch.iracterlstio  shoald bo  avoided. 
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Various curves of drag coefficient against Reynolds 
number are  presented in figure  9.    ^s  results  obtained 
for the NACA 655-J4.IÖ section in the  LTT and TDT show  tji^u 
Tor this  airfoil  the drag does not  follow  the  lew  for the 
.•Mrtation of either laminar or turbulent skin friction 
cvjr a  flat plate,     tiinlraum drag coefficient  increases 
progressively as Reynolds number decreases;   thi3 effect 
Is particularly marked at Reynolds numbers below 
1.5  x  10°. 

At Reynolds numbers below 1,5 * 10 , LTT and TDT 
results are in fair agreement with results from the 
7 by 10 tunnel when compared on the basis of test 

Reynolds number. At a Reynolds number of about 1.5 * 10 , 
at which local separation effects are decreasing and 
reasonably lov; drag is fov.nd on the NACA 653-4IS section 
in the LTT and T?T, the results from the 7 by 10 tunnel 
as plotted against test Reynolds number are starting to 
diverge frcm the LTT and TTT results.  As the Reynolds 
number increases, the high turbulence level of the 
7 by 10 tunnel moves the transition point toward the 
leading edge and increases the drag over* the values 
obtained in streams of lov; turbulence, 

A curve of drag coefficient at the design lift coef- 
ficient for the NACA 001«i airfoil section is presented in 
figure 9 for comparison.  This curve represents the 
average of several test results in the LTT.  It may be 

noted that,at Heynolds numbers below 1,5 x 10°, the low- 
drag section no longer shows a lower drag than the con- 
ventional section. 

Scale effect on lift-curve slope and on the angle 
of zero lift is shown in figure 10.* Data obtained in the 

LTT at Reynolds numbers .of O.96 and 1.57 x 10 are not 
presented since sufficient data wore not taken to define 
the slope accurately. Although the scale effect on the 
angle of zero lift is small, considerable variation of 
lift-curve slope with Reynolds number is found.  In the 

Reynolds number range from 0.20 to 3.0 x 10 , there is 
at first a divergence and then a convergence of the data 
obtained under the two turbulence conditions; the maximum 
difference between the two curves is approximately 6 per- 

cent at Reynolds numbers of approximately 10°.  At Reynolds 
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mürbers above 1(..0 x 10",   the slopes appear to be the same 
und.jr the different turbulence  conditions,   and there 
aeeras  to be no further scale effect for  the  range  tested. 
At a Reynolds nnmber of anoroxliaately 10°,   it may bö 
observed  that the  variation of lift-curve  elope with 
Reynolds number becomes  small under  the high-turbulence 
condition.     It seems reasonable  to expect,  however,   thr.t 
Lhe  Reynolds number above  ivhich the  changes   in  lift- 
curve  slope  becor.e  unimportant depends  considerably on 
';>a  particular nirfoil  section ar.d turbulence  character- 
istics  of the  air stream.    The data presented in fig- 
ure  10 further emphasize  the unreliability of usin^ data 
at low Reynolds numbers  to predict full-3cale  character- 
istics. 

\ 

J 

00NCLUDIN3 REMARKS 

Large  increases  in minimum drag coefficient were 
found a3 the  Reynolds number decreased;   this effect was 
parti cularly ir.ar>ed  at Reynold a  numbers bo lev;  1.5   x lO-1. 
At Reynolds numbers below  1,5  x 10^,   stream turbulence 
had  little  effect on  the drag characteristics  of the 
NASA 655~'+lC,   a = 1.0 airfoil  section when compared en 
the basis of tost Reynolds nu'nber but,   at higher Reynolds 
numbers,   3troam turbulence had a detrimental effect on 
drag. 

Large decreases  in maximum lift coefficient were 
found with decreasing Reynolds number; most of this 
decrease was encountered at Reynolds numbers above 
2.0 x  10°.     Marked  diffsronces  in maximum lift were 
apparent between  the  results  obtained at hiph and  low 
turbulence.    When compared on  the basis  of effective 
Reynolds nurrbor,  however,   faJr agreement was  reached 
between t1«   iata obtained under both turbulence  condi- 
tions. 

Considerable  variation of liit-curvo  slope with 
Reynolds number was  found.     Results  at  low and high 
turbulence  differed by a3 r-uch as 6 percent but  yielded 
the same  value  of lift-carve slops at a Reynolds number 
of approximately I4..0 x 10^'.     At Reynolds numbers higher 
than k.C >:  10^,  no  scale effect  on  the  lift-curve  slope 
was observed over the  range  tested, 
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In vl?w of  the lagere   variation in  the   lilt  and drag 
characteristics  found  Tor the  NAOA 65,-LlG  airfoil 
suction over & ran^e  of P-synolda number  fro.n C.19  lo 
3.0 y 10   ,   It is  frit  th&t   the  uatf of  lor Rfynolda number 
tost dite. r"lPtIn;/  to lpuv-drig  &lT,±>il*!  Is unrcliuMa 
ftjtl.ar to eat.'.irat«  full-scale  characteristics  or to 
determine  the  relative afrits  of airfoil  sections  at 
higher  Reynolds ivmibe.{"=. 

\ 
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TABLE  I 

I 

OSPINATH§ FOU TJT1 KAOA 653-4I8,   a =  1.0 ATR70IL SECTION 

JA11  stations  an«  ordinataa  given  in percent chord] 

Upper aurfcce 
—     .                   •   'i 

Lower  surface 

:3i;ntloii Piölnr. te LtaUon Ox'iiinato 

0 
.273 
.505 
.975 

2.131 
4.639 
7.12; 

14.630 
19.671 
24.716 
29.763 
34.025 
39.834 
44.943 
50.000 
55.051 
50.09U 
65.126 
70.146 
75.154 
SO.1+7 
85.127 
90.092 
95.046 

100.000 

0 
1 .i+lo 
I.729 
2.20« 
3. ICft 
4.481 

6.4"- 
7   O1 P 

9.061 
9. 9li' 

10.3^6 
10.?,'J+ 
ll.ll+O 
11.091 
1C.7-7L 
IO.I98 

c.Vöci 
ft !i«;l 

J.5^o 
i.Vly 

3.65-3 
2.550 
1.120 
0 

0 
.722 
.997 

I.527 
2.0I9 
5.361 
7.877 

10.5Ü 
15.364 
20.529 
25.20U 
30.232 

40.116 
45.057 
50.coo 
54.c<4? 
59.^06 

n'.Xt 
7.?. §5 3 
84.^75. 
39.9CO 
94.95^4 

ICO.000 

0 
-1.213 
-1.1*49 
-1.701 
-2.560 
-5.217 
-3.870 
-4.410 
-5.250 
-5.377 
-6.534 
-6.643 
-6.S24 
-'.850 
-('.711 
-0.3o2 
-5.ÖI8 
-5.I24 
-4.334 
-3.430 
-2.605 
-1.745 
-.946 
-.2d2 

.144 
0 

L.=).  radiuaj    I.96.   31op<?  of radius  through end of 
oho i'd:    0.163. 
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Figure 1 .- Lift characteristics of 2l|.-inch-ehord model of NACA 653-I4.I8, 
a s 1.0 airfoil section In NACA two-dimensional low-turbulence tunnel 
(designated LTT) and NACA, two-dimensional low-turbulence pressure 

tunnel  (designated TOT).    R = 2.77 * 106. , CCNFIDFNTIAL 
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(b) Modal hailng 2L-lnoh chord In LTT. 
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